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Abstract

This thesis explores the potential of zinc, cobalt, and phosphorus to influence primary production in the
subarctic North Pacific, the Bering Sea, and the North Atlantic Ocean. In the North Pacific and Bering Sea,
total zinc concentrations were measured along a near-surface transect and in selected deep profiles. Zinc
speciation was also measured with a novel anodic stripping voltammetry method, and the results were con-
sistent with previous studies using different methods. The potential for zinc to impact primary production
in the North Pacific was demonstrated in a shipboard incubation and by comparing two phytoplankton pig-
ment markers to total zinc and free zinc ion concentrations. In the North Atlantic, total dissolved zinc and
cobalt concentrations were measured and compared to concentrations of dissolved inorganic phosphorus
and chlorophyll. In some areas of the North Atlantic the concentrations of zinc and cobalt were decoupled.
The relationship between cobalt and inorganic phosphorus suggests that cobalt drawdown may be related
to a high alkaline phosphatase related demand at low phosphorus concentrations. This trend compliments a
shipboard incubation where alkaline phosphatase activities increased after cobalt addition. The presence of
measurable alkaline phosphatase activity indicated that the phytoplankton community in the Sargasso Sea
was experiencing phosphorus stress. Shipboard incubations generally confirmed this with inorganic phos-
phorus additions resulting in chlorophyll increases at 4 out of 5 stations. Further, the addition of dissolved
organic phosphorus, as either a phosphate monoester or a phosphonate compound, resulted in a chlorophyll
increase in 3 out of 3 incubations. This suggests that dissolved organic phosphorus may be an important
phosphorus source for phytoplankton in low phosphorus environments and that the ability to use phospho-
nates may be more widespread than previously recognized. Overall, this thesis adds to our understanding of
how the nutrients phosphorus, zinc, and cobalt may influence primary production.
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Chapter 1

Introduction
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Phytoplankton are among the smallest organisms in the ocean, yet have a huge impact on the ocean ecosys-
tem and the global environment. At the base of the food chain, phytoplankton fix carbon dioxide (COxg)
into organic biomass that is consumed by progressively higher trophic levels. Phytoplankton are responsible
for the current oxygenated atmosphere of our planet as oxygen is a byproduct of photosynthesis. The con-
sumption of atmospheric CO2 by phytoplankton results in the ocean serving as a net sink for atmospheric
COy. Understanding the ocean’s capacity to absorb atmospheric COx, is critical to global carbon models that

predict future CO2 concentrations and associated warming.

Primary production depends on numerous factors including light, temperature, nutrient concentrations,
ocean circulation, and grazing pressure. Of these factors, nutrient availability seems to be the most impor-
tant one in the majority of the world’s ocean. Traditionally, nitrogen (N) has been considered the limiting
nutrient in marine systems based on ammonia and phosphate enrichment experiments (e.g., Ryther and
Dunstan 1971). However, in some areas of the ocean, concentrations of N and phosphorus (P) are abundant,
yet phytoplankton production is low. One hypothesis to explain the existence of these high-nutrient, low
chlorophyll (HNLC) regions is that phytoplankton production is limited by low concentrations of the mi-
cronutrient iron (Fe). Fe is critical to the basic metabolic functioning of phytoplankton and was suggested
as an important determinant of phytoplankton growth as early as 1931 (Gran, 1931). However, early ef-
forts to understand the importance of Fe to primary production were confounded by Fe contamination. In
the mid-1970’s, the introduction of ”clean” sampling and handling techniques generated new interest in the
ability of trace metals to affect primary production with the realization that the concentrations of most trace
metals in the ocean were orders of magnitude lower than previously thought (e.g., Cu: Boyle and Edmond
1975, Zn: Bruland et al. 1978, Fe: Gordon et al. 1982). Since then, numerous Fe addition experiments to
bottles and mesoscale ocean patches have demonstrated the ability of Fe to limit marine primary production
(e.g., Martin and Fitzwater 1988, Coale et al. 1996, Boyd et al. 2000). Thus, Fe and N have been the focus
of much of the effort to date on understanding controls on primary production. This thesis centers on two

lesser studied nutrients that are also important for marine primary production: zinc and phosphorus.

Zinc (Zn) is the third most abundant trace metal in diatom cells (after iron and manganese, Morel
et al. 1991). It is a cofactor in numerous enzyme systems involved in basic metabolic functioning such
as carbon and nutrient acquisition and DNA replication (Sunda, 1989). In fact, there are more known Zn-
metalloproteins than Fe-metalloproteins (Maret, 2002). Culture studies have demonstrated that low free Zn

ion (Zn?*) concentrations can limit phytoplankton growth (Anderson et al., 1978) and that Zn concentra-
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tions may influence species composition, as oceanic phytoplankton are able to grow at much lower Zn?*
concentrations than coastal species (Brand et al., 1983). The ability of oceanic phytoplankton to survive
at lower Zn?* concentrations is largely a result of a decreased cellular Zn requirement relative to coastal
species (Sunda and Huntsman, 1992). A lowering of the growth requirement could be achieved by more effi-
cient utilization of internal Zn pools, replacement of Zn-metalloenzymes with non-metal containing ones, or
by substituting a Zn-metalloenzyme with one that contained a more readily available metal (Sunda, 1989).
Increasing Zn uptake rates does not seem a viable option for oceanic species since coastal species already

approach the limit imposed by diffusion (Morel et al., 1991; Sunda and Huntsman, 1992).

Even though open ocean Zn’* concentrations can be exceedingly low (e.g., Bruland 1989), there is
little evidence for in situ Zn limitation (e.g., Coale 1991; Coale et al. 1996). There are several possible
explanations for this discrepancy. First, Zn bioavailability has been described by the free ion mode! (Fig. 1-
1) based on culture studies with the synthetic ligand EDTA (e.g., Anderson et al. 1978; Sunda and Huntsman
1992). The free ion model dictates that cell surface Zn transport molecules will only react with Zn?* or
inorganic complexes that rapidly dissociate to Zn?*. According to this model, the majority of the oceanic Zn
is not available to phytoplankton due to its complexation by strong organic ligands (e.g., Bruland 1989). It
is possible that phytoplankton have a siderophore-like Zn uptake system whereby organisms secrete specific
Zn binding ligands and the entire Zn-ligand complex is transported into the cell. This situation would
be congruent with Zn-EDTA complexes being non-bioavailable but would allow for some fraction of the

organically bound Zn in the ocean to be bioavailable.

Another factor that may prevent Zn limitation in the ocean is biochemical substitution. When Zn con-
centrations are low, some organisms can substitute either cobalt (Co) or cadmium (Cd) for Zn in order to
alleviate Zn stress (e.g., Sunda and Huntsman 1995; Lee et al. 1995; Yee and Morel 1996). Sunda and
Huntsman (1995) examined the potential influence of biochemical substitution on dissolved Zn and Co con-
centrations in the North Pacific by plotting Zn and Co against phosphate. At high phosphate, there is a
linear relationship between Zn and phosphate and no relationship between-Co and phosphate (Fig. 1-2).
At low phosphate values, when Zn is near zero, there is a linear relationship between Co and phosphate
(Fig. 1-2). The authors interpret this as evidence that Co is biologically drawn down once low Zn concen-
trations necessitate Co substitution. However, it is important to note that the plots consist of data that is
taken from all depths in the water column, not only from the euphotic zone where phytoplankton uptake

occurs. Zn concentrations have a nutrient-type distribution with deep concentrations that can be over two
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orders of magnitude higher than surface concentrations (Bruland et al., 1978). Though surface depletion
of Co due to phytoplankton uptake can occur (e.g., Martin and Fitzwater (1988)), Co does not behave as a
classic nutrient-type element. Co is strongly scavenged from oxic water columns, and Co concentrations do
not accumulate in the deep waters moving from the North Atlantic to the North Pacific (Martin and Fitzwa-
ter, 1988; Saito and Moffett, 2002). Thus, even where surface depletions of Co are observed, the surface
concentration is generally the same order of magnitude as the deep concentration (e.g., Saito and Moffett
(2002)), as opposed to the 2-3 orders of magnitude concentration difference that can be observed for Zn

(e.g., Bruland et al. (1978)).

I have re-plotted the Zn-phosphate and Co-phosphate data with only data from the upper water column (0
- 200 m) where phytoplankton uptake is likely to occur. The relationship still seems to hold, though it is not
as clear (Fig. 1-3). Further study is required to determine the relevance of in situ biochemical substitution.
The effectiveness of biochemical substitution for alleviating Zn stress should be limited by the fact that Co
and Cd concentrations are generally lower than those of Zn (e.g., Martin et al. 1989). Nevertheless, it is
important to bear in mind that the Zn nutritional status of a phytoplankter may actually reflect its combined

Zn-Co-Cd nutritional status.

The ecological importance of Zn in the ocean may be related to its influence on phytoplankton species
composition rather than total primary production. As previously mentioned, the Zn requirements of species
and their spatial distributions suggest that Zn may exert a selective influence (Brand et al., 1983). Concen-
trations of Zn may also influence enzyme activity. Zn is a cofactor in many enzyme systems, including that
of alkaline phosphatase (Plocke et al., 1962). Alkaline phosphatase (AP) is an enzyme that is typically ex-
pressed under conditions of phosphorus stress. The expression of AP by natural phytoplankton populations
in the Sargasso and Mediteranean Seas supports the idea that phosphorus (P) can be limiting in these areas

(Zohary and Robarts, 1998; Ammerman et al., 2003; Vidal et al., 2003).

In the Sargasso Sea, surface concentrations of dissolved inorganic phosphorus (DIP) are extremely low
(<1 - 10 nM, Wu et al. 2000; Cavender-Bares et al. 2001). The ratio of dissolved nitrogen (N) to P in
the water column can reach more than twice the classical Redfield value of 16N:1P in this environment
(dissolved inorganic N:P ~ 40-50, Cavender-Bares et al. 2001). Field studies in the Sargasso Sea, using
metrics of P physiology such as P uptake, AP activity, and P quotas, provide further evidence of P-limitation
in this system (Cotner et al., 1997; Wu et al., 2000; Sanudo-Wilhelmy et al., 2001; Dyhrman et al., 2002;

Ammerman et al., 2003). For example, with only a few exceptions, AP activities in the upper 100 m at
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BATS were detectable year-round (Ammerman et al., 2003).

Studies of nutrient dynamics and phytoplankton production have primarily focused on inorganic nutri-
ents as they are generally considered the most bioavailable forms. The composition of marine dissolved
organic P (DOP) is largely uncharacterized and the ability of organisms to access P from this pool is not
well resolved. The concentration of DOP generally accounts for over 80% of the total dissoived phospho-
rus (TDP) in Sargasso Sea surface waters and the DON:DOP exceeds the Redfield ratio all year. Most
phosphorylated compounds cannot be transported across membranes, so the ability of microoganisms to
use DOP is largely based on cell surface enzymes. Two enzymes important in the marine environment are
AP and 5’-nucleotidase. Both enzymes cleave a phosphate monoester bond separating a bioavailable phos-
phate molecule from the larger DOP molecule. 5’-nucleotidase has a greater substrate specificity, acting
only on nucleotides, whereas AP can hydrolyze a variety of substrates that contain phosphate monoester
bonds (Ammerman and Azam, 1985, 1991). The enzyme 5’-nucleotidase seems to be associated primarily
with bacteria (Ammerman and Azam, 1985, 1991), although the enzyme is present in some phytoplankton
(Dyhrman and Palenik, 2003). Nevertheless, 5’-nucleotidase may provide a significant P-source for phy-
toplankton because uptake of 5’-nucleotidase cleaved P is only tightly coupled at low DIP concentrations

(Ammerman and Azam, 1991). o

AP is a metalloenzyme that typically has Zn as a co-factor. Zn concentrations correlate strongly with
DIP and are also extremely low in the Sargasso Sea (Bruland and Franks, 1983). This suggests possible
constraints on the utilization of phosphate monoesters if low Zn levels restrict the AP biosynthesis. A
recent study indicates this may be the case. Low-density batch cultures of Emiliania huxleyi grown at low P
conditions had lower AP activity when grown at low Zn than when grown at high Zn (Shaked et al., 2006).
In an incubation in the Bering Sea, Shaked et al. (2006) observed increased AP activity in bottles amended
with Zn over that in control and iron addition bottles. From their data, the authors predict that Zn-P co-
limitation is not likely to be a widespread phenomenon, however they suggest it may occur in the Sargasso

Sea. The importance of Co or Cd substitution was not considered.

This thesis addresses some of the questions brought up in the preceeding paragraphs. In Chapter 2, a
new method for measuring Zn speciation was tested and applied to a short profile in the North Atlantic. The
literature contains few measurements of Zn speciation in the ocean. These measurements are an important
tool for understanding Zn bioavailability. Zn speciation was also measured on a surface transect in the North

Pacific and Bering Sea, where DIP concentrations were relatively high (Chapter 3). In this chapter, total Zn
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concentrations were compared with previous studies and the major macronutrients P and silicate. This
chapter highlights the spatial variability in the concentrations of Zn and Zn binding ligands. The potential
for atmospheric inputs of Zn and for Zn to constrain primary production was also considered.

The possibility of Zn-P co-limitation in the low P, low metal environment of the Sargasso Sea was
explored (Chapter 4). Zn, Co, DIP, and DOP concentrations and AP activities were measured in a transect
from the northern seasonally well-mixed waters into the permanently stratified southern Sargasso Sea. Zn,
Co, and DIP concentrations were compared to chlorophyll concentrations. Relationships of Zn and Co draw
down were examined with respect to each other and with respect to phosphate concentrations. AP activities
were considered both as raw rates of phosphomonoester cleavage and as chlorophyll normalized rates. This
has a marked effect on the distributional patterns of activity. The effect of Zn and Co on AP activity was
examined via bottle incubations and in batch cultures of a model coccolithophore.

The majority of the total dissolved P pool in the surface waters of the Sargasso Sea occurs as dissolved
organic phosphorus (DOP). 3!P nuclear magnetic resonance (NMR) spectroscopy of ultrafiltered DOP sug-
gests that DOP occurs mainly as phosphate esters (75%) and phosphonates (25%). The bioavailability of
phosphate monoesters and phosphonates to natural populations was examined in Sargasso Sea (Chapter 5).
Bottle incubations were performed with additions of inorganic phosphate, glycerophosphate (monoester),
and phosphonoacetic acid (phosphonate). The change in chlorophyll was monitored in both time course and
endpoint incubations along with the abundance of the Synechococcus and picoeukaryote populations.

Marine primary production is a significant sink for atmospheric carbon dioxide (CO2). Understanding
the controls on that sink is vital as levels of atmospheric CO; continue to rise. This work contributes to the

understanding of how the nutrients P, Zn, and Co may influence primary production.
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Figure 1-1: Diagram of free ion uptake model. Complexation with both inorganic and organic complexes
determines the free metal ion (M™1) concentration of a metal M. M is bound by a cell surface molecule
to be transported into the cell. At equilibrium, the uptake rate will be proportional to the concentration of
M™*. However, the rapid dissociation kinetics and relatively high concentrations of some metal inorganic
species (e.g., Fe) result in a disequilibrium that permits the direct exchange of M inorganic species with the
transport protein. MX symbolizes the pool of internal metal ligands and ME represents the enzyme-bound

metal pool. Figure taken from Sunda (1989).
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Figure 1-2: The relationship between Zn and phosphate (A) and Co and phosphate (B) in the North Pacific.
Data taken from Martin et al. (1989). Plotted after Sunda and Huntsman (1995). Symbols indicate different
sampling locations: circles are St. T-5 (39.60°N, 140.77°W); diamonds are St. T-6 (45.00°N, 142.87°W);
squares are St. T-8 (55.5°N, 147.5°W).
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Figure 1-3: The relationship between Zn and phosphate (A) and Co and phosphate (B) in the upper water
column of the North Pacific. Plot consists of same data as Fig. 1-2, however data from depths deeper than
200 m or where the Zn concentration was greater than 4 nmol kg~! have been deleted. Symbols indicate
different sampling locations: circles are St. T-5 (39.60°N, 140.77°W); diamonds are St. T-6 (45.00°N,
142.87°W); triangles are St. T-7 (50.0°N, 145.0°W); squares are St. T-8 (55.5°N, 147.5°W).
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Chapter 2

A new anodic stripping method for the
determination of zinc speciation

31



2.1 Abstract

Zinc concentrations in the open ocean can be extremely low and have the potential to influence the growth
and species composition of marine phytoplankton assemblages. The majority of the dissolved zinc pool is
complexed to natural organic ligands. This complexation results in an even lower free zinc ion concentration,
which is considered the bioavailable form of zinc for phytoplankton. Therefore, measurements of the free
zinc ion concentration in the environment are important to understanding the zinc status of natural phyto-
plankton communities. In this study, an anodic stripping voltammetry method previously developed for the
total determination of cadmium and lead was successfully adapted to the measurement of zinc speciation.
The method differs from previous zinc speciation anodic stripping voltammetry (ASV) methods in that a
fresh mercury film is plated with each sample aliquot. The fresh film ASV (ff-ASV) method was compared
to a classic method of zinc speciation analysis using competitive ligand exchange cathodic stripping voltam-
metry (CSV) in a profile from the North Atlantic Ocean. The ff-ASV method compared favorably with the
CSV method though ligand concentrations determined by ff-ASV were generally slightly higher than those
determined by CSV. There did not seem to be a systematic difference between methods for the estimates
of conditional stability constants. The ligand concentration in the North Atlantic profile was between 0.9 -
1.5 nM as determined by ff-~ASV and 0.6 - 1.3 nM as determined by CSV. The conditional stability constants

determined by ff-ASV were 1098-195 and by CSV were 1098113,
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2.2 Introduction

Zinc (Zn) is an essential micronutrient used in enzyme systems involved with carbon and phosphorus ac-
quisition. Low Zn bioavailability can limit the growth of phytoplankton cultures (Anderson et al., 1978;
Brand et al., 1983; Sunda and Huntsman, 1995). Zn bioavailability or toxicity is controlled by the free Zn
ion (Zn**) concentration as opposed to the total concentration of Zn or the concentration of Zn-synthetic
ligand complexes (Anderson et al., 1978).

Complexation with natural organic ligands dominates the chemical speciation of Zn in the ocean; greater
than 95% of total Zn is organically complexed (Bruland, 1989; Ellwood and van den Berg, 2000; Ellwood,
2004). Thus, the Zn?T concentration in the open ocean can be extremely low (Bruland, 1989; Donat and
Bruland, 1990; Ellwood and van den Berg, 2000; Ellwood, 2004). The source and chemical nature of the Zn
binding ligands is unknown. However, there is evidence for biological production of ligands by phytoplank-
ton. Cultures of the diatoms Skeletonema costatum and Thalassiosira weissflogii and the coccolithophore
Emiliania huxleyi produced organic exudates with Zn binding capability (Imber and Robinson, 1983; Imber
et al., 1985; Vasconcelos et al., 2002). Muller et al. (2003) observed an increase in Zn binding ligands in a
mesocosm experiment that was coincident with an increase in dead E. huxleyi cells, which suggests ligand
release may be passive. At this point, it is also not clear whether the release of Zn binding ligands is a
mechanism to prevent toxicity, to aid uptake, or both.

Zn speciation was measured in two recent shipboard incubation experiments (Eillwood, 2004; Lohan
et al., 2005). In both cases, high growth occurred in the iron (Fe) addition treatments despite low total Zn
concentrations and extremely low Zn?* concentrations. The Zn?* concentrations in the +Fe treatments at
the end of both experiments was lower than that which limits oceanic phytoplankton in culture, yet Zn lim-
itation was not apparent (Ellwood, 2004; Lohan et al., 2005). This suggests that either the Zn requirements
of phytoplankton are much lower than those of the cultured strains, that substitution by cobalt or cadmium
successfully supplements the Zn demand in the field, or that the phytoplankton are able to utilize the organ-
ically bound Zn. In the open ocean, substitution by cobalt and cadmium should be limited by the fact that
the concentrations of these metals are also low (e.g., Ellwood 2004).

The free ion model of Zn bioavai]abi]ify is based on culture studies where the synthetic ligand ethylene-

diaminetetraacetic acid (EDTA) was added (e.g., Anderson et al. 1978; Sunda and Huntsman 1995). The
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inability of phytoplankton to utilize Zn-EDTA does not necessarily preclude them from using all organi-
cally bound Zn. Phytoplankton may produce Zn-binding ligands that require specific uptake sites, akin to
the chemical warfare scenario proposed for Fe siderophores. Fe’s bioavailability has also been described
in culture by the free ion model, however exceptions to the free ion model have been found. For example,
Hutchins et al. (1999) observed uptake of organically bound Fe by natural phytoplankton populations in
the North Atlantic. This experiment also showed taxonomic differences in that prokaryotes were able to
assimilate Fe bound by enterobactin but not by protoporphyrin, and eukaryotes were able to assimilate both
compounds (Hutchins et al., 1999). Further study of the uptake of organically bound Zn and Zn speciation

are required to resolve our understanding of Zn bioavailability.

The two classic methods of Zn speciation determination are competitive ligand exchange cathodic strip-
ping voltammetry (CLE-CSYV, van den Berg 1985) and anodic stripping voltammetry (ASV, Bruland 1989).
CLE-CSV is an indirect method where a synthetic Zn-binding ligand is added to compete with the naturally
occurring ligands and the concentration of the Zn-synthetic ligand complex is detected. The method of ASV

gives a direct measure of the inorganic Zn species in a sample.

Application of the two methods to oligotrophic seawater by different researchers has resulted in rela-
tively uniform results (Table 2.1). The concentration of Zn binding ligands is generally 1 - 2.5 nM and the
conditional stability constants of the ligands are ~10'0 - 1011, A direct intercomparison of the two methods
was performed on two seawater samples from the North Pacific (Donat and Bruland, 1990). This experi-
ment found that the concentration of ligands measured by the two methods were in good agreement (1.60
and 2.14 nM for CSV; 1.76 and 2.22 nM for ASV). However, the conditional binding strengths predicted
by ASV (10''2) were a log unit higher than those predicted by CSV (10'%3). Another study compared the
ASV and CSV methods on a single sample from the Southern Ocean (Ellwood, 2004). The average ligand
concentrations determined by ASV (1.2 nM) and CSV (1.3 nM) were similar (Ellwood, 2004). A log unit

difference in conditional stability constants was not observed (ASV = 10102 CSV = 10196 Ellwood 2004).

In this study, a new method for Zn speciation was evaluated and used to measure Zn speciation over a

profile of the upper water column in the North Atlantic.
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2.3 Methods

2.3.1 Sample collection

Samples were collected aboard the R/V Oceanus in April 2004. Water samples were collected using 10 L
teflon-coated Go-Flos (General Oceanics) on a kevlar hydrowire. Samples were pumped using filtered ultra-
high purity nitrogen gas directly from the Go-Flo bottles by teflon tubing through acid-cleaned 0.4 um
polycarbonate filter sandwiches into rigorously acid-cleaned low density polyethylene (LDPE) or teflon
bottles. Samples for total Zn measurement (LDPE bottles) were acidified to approximately pH 2 by the
addition of 2 ml HCI (Seastar) per liter of seawater. Speciation samples (teflon bottles) were stored frozen

for 9 months and thawed in a refrigerator several days before analysis.

2.3.2 Total dissolved Zn analysis

Total dissolved zinc concentrations were measured using isotope dilution inductively coupled plasma mass
spectrometry (ICP-MS) after Wu and Boyle (1998) and Saito and Schneider (2006). Briefly, 15 ml centrifuge
tubes (Globe Scientific) were filled to approximately 13.5 mls (exact volume determined gravimetrically).
Samples were then spiked with 66Zn (98.9% as 6Zn, Cambridge Isotope Laboratories, Inc.), which was
allowed to equilibrate overnight. The following day, 125 ul of ammonia (Seastar) was added to each tube.
After 90 sec, the tube was inverted and after an additional 90 sec, tubes were centrifuged for 3 min at
3000xg (3861 rpm) using a swinging bucket centrifuge (Eppendorf 5810R). The majority of the supernatant
was carefully decanted. The tubes were then respun for 3 min and the remaining supernatant was shaken
out. Pellets were dissolved on the day of ICP-MS analysis using 0.5 - 1.5 ml of 5% nitric acid (Seastar).
ICP-MS measurements of sample were made using a Finnigan ELEMENT? in medium resolution, which
was sufficient to resolve %4Zn from the potential interference peak due to Mg-Ar. To measure the procedural
blank, one ml of surface scawater was treated the same as samples, and calculations were performed as

though it was a 13.5 ml sample.
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233 ASV Theory

The theory of using ASV to determine the concentration and conditional stability constants of Zn binding
ligands has been described in detail by Bruland (1989) and Donat and Bruland (1990). Briefly, the ASV
method is based on the principle that Zn bound in strong organic complexes is inert with respect to ASV
because dissociation will not occur within the diffusion layer of the rotating disc electrode (RDE, disso-
ciation rate constants <0.1 sec™!, Bruland 1989). ASV will detect inorganic Zn species: Zn?* and those
complexes which dissociate rapidly in the electrode diffusion layer producing Zn?* such as ZnCl*. Within
the electrode diffusion layer Zn?* can be reduced to Zn® at which point it will form an amalgam with the
mercury (Hg) film. The Zn deposited in the film is measured as an oxidation current peak as the voltage is

stripped in the positive direction.

A titration curve is generated by adding increasing concentrations of Zn to a natural sample. Initially,
the added Zn is all bound by any Zn binding ligands in the sample, thus no increase in inorganic Zn species
(Zn’) is detected at the Hg film. Once the binding capacity is saturated, there will be a linear response
between the Zn oxidation peak current and the concentration of Zn’. From the Zn titration curve, the
concentration of naturally occurring binding ligands (L7) and their conditional stability constant with respect
to Zn’ (K’ cond,zn') can be calculated. The peak oxidation current (ip) of Zn’ deposited at the RDE can be
described by the equation

[Zn'] = i,p/8 (2.1

where S is the sensitivity once the Zn binding ligands have been saturated. Then, the concentration of Zn

bound to the natural organic ligands (ZnL) can be calculated as
(ZnL] = [Zn]r — [Z7/] (2.2)

where [Zn]r is the total concentration of Zn (i.e., Zn in sample plus added Zn). In the situation where a

single ligand binds a single metal, the K’ ;on4 2,/ and Lt are related to Zn’ and ZnL as follows

[Zn'] _ [Zn] 5 1
[Z”L] [L]T (K;md,zn/ * [L]T)

(2.3)
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Thus, assuming the data fits the one metal, one ligand model, if plotted as [Zn’{/[ZnL] versus [Zn’], [L]7
can be calculated as 1/slope and K’ cong,zn’ as 1/([L]T * y-intercept) (Ruzic, 1982; van den Berg, 1982). An
example of a typical ASV titration is presented in Fig. 2-1.

In the classic ASV method applied to Zn speciation (Bruland, 1989), a Hg film is deposited on the
RDE at the beginning of the day and used for multiple sample aliquots and then physically removed at
the end of the day. Problems can be encountered with this method due to surfactant interference and low
sensitivity (Fischer and van den Berg, 1999). To circumvent these problems, Fischer and van den Berg
(1999) developed an ASV method where Hg was added to each sample aliquot and a fresh Hg film was plated
for each sample aliquot and then electrochemically removed. This has the advantage of producing a thinner
mercury film in which Zn is plated simultaneously with Hg, resulting in higher relative Zn concentrations
than with a pre-plated film. Thus, the method yields high sensitivity even at relatively short deposition times
(3 min). Ammonium thiocyanate is added along with Hg. This ensures good reproducibility of Hg films
with each sample aliquot and also allows for complete electrochemical removal of the Hg film (Fischer and
van den Berg, 1999). The effect of the thiocyanate is as a result of the formation of Hg(II)-thiocyanate
complexes which prevent mercuric oxide formation at the surface of the RDE. The Fischer and van den
Berg (1999) method was developed for total determination of lead and cadmium. Here, it has been adapted

as a method for Zn speciation analysis.

2.3.4 (f{f-ASV Speciation Titrations

Measurements were made using a 663 VA stand (Metrohm) consisting of a glassy carbon RDE, a glassy
carbon rod counter electrode, and a double junction Ag, AgCl, saturated KCI reference electrode. The
electrode was interfaced to a PC (IBM) using an IME663 and pautolab I (Eco Chemie). A teflon cell
cup was used. Before each day of speciation analysis, the glassy carbon RDE was manually polished
with aluminum oxide. Then, a cyclic voltammetry step was performed cycling the voltage between -0.8 V
and 0.8 V 50 times. Reagents used included 4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic acid (EPPS),
ammonium thiocyanate, and mercuric chloride. The pH of the EPPS buffer was adjusted to 8.1 with the
addition of clean ammonia (Seastar). EPPS and thiocyanate reagents were run through a pre-cleaned chelex

column to remove trace metal contamination (Price and Morel, 1990).
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Titrations were set up in 15 ml teflon vials (Savillex). In order to prevent wall loss, vials were equi-
librated with specific concentrations of Zn before use, and each vial was always used for the same con-
centration of Zn. Before a titration, the vials were rinsed with 12 ml of sample. Then, 12 ml sample was
added into each vial along with 1.7 mM EPPS. For each sample aliquot, the appropriate concentration of
Zn was allowed to equilibrate with the sample in the sample vial for 10 min. Then, the sample aliquot was
poured into the voltammetric cell and 4.2 mM ammonium thiocyanate and 10.4 uM mercuric chloride were
added. Each sample aliquot was purged with filtered ultra-high purity nitrogen gas for 5 min to remove
oxygen. The voltammetric scan conditions are listed in Table 2.2. The voltammetric cell cup was not rinsed
between samples. Zn’ was evident as a current peak at -1.1 V. Peak height was measured using the GPES
software (Eco Chemie). As an example, scans of a seawater sample with additions of 10 and 20 nM are

shown (Fig. 2-2).

2.3.5 CSV Theory

CLE-CSV was performed after van den Berg (1982) and Donat and Bruland (1990). The CSV method
is based on principles similar to that of ASV. In the method of CLE-CSV, a competitive equilibrium is
set up between the natural Zn binding ligands in a sample and the added synthetic chelator ammonium
pyrrolidinedithiocarbamate (APDC). The ZnPDC complex is electroactive and adsorbs onto the hanging Hg
drop (HMD). When the electrode potential is stripped to more negative values, the reduction of Zn?* in
the adsorbed ZnPDC complexes produces a current peak at -1.1 V. Again, a titration curve is produced by

adding increasing concentrations of Zn. The total Zn concentration of sample can now be described as

(Znr] = [Zn'] + [ZnL] + [ZnPDC). (2.4)

Assuming that the naturally occurring ligands have a greater affinity for Zn than PDC, low concentrations
of added Zn will be bound by the natural ligands and no increase in current will be observed. A typical
CLE-CSV titration curve is presented with the data from the 21 m sample (Fig. 2-3A). Once the natural

ligands are saturated with Zn, all added Zn will be bound by PDC and the increase in peak current will be
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proportional to the concentration of Zn added. The reduction peak current is related to [Zn?*] as follows
[Zn*T) = ip/Sxa (2.5)

where

o' = azn + aznppe (2.6)

where azy, is the inorganic'side reaction coefficient for Zn (a value of 2.2 was used, Turner et al. 1981) and

aznppc is the side reaction coefficient for Zn with PDC. az,ppc can be calculated as
aznppC = Kznppe * [PDC—]. Q.7

[PDC-] was approximated as [APDC]7 since [APDC]y >> [ZnPDC]. K’ z,,ppc has been determined to be
1044 by van den Berg (1985) and Donat and Bruland (1990). {ZnL] is now calculated as:

ZnL] = [Znlr - (55/S). 28)

Combining equations 2.5 and 2.8, [Zn%t}/[ZnL] can be directly calculated as

[Z'n.2+] - ip

[ZnL] ~ o x ((S*[Zn7]) — i) (2.9)

In analogy to ASYV, the titration data can now be plotted as [Zn?+)/[ZnL] versus [Zn?t] (e.g., Fig. 2-3B).
When the data fits a one metal, one ligand model, a straight line is produced that can be described by an
equation analogous to equation 2.3 (Ruzic, 1982; van den Berg, 1982):

[Zn2t] _ [Zn2+] 1

Znl] = (Lt | (Ripgguer) ¥ L) SR

Hence, [L]r can be calculated as 1/slope and K’ 4 752+ as 1/([L]7 * y-intercept). K’ ;g 7,2+ Can be

related 10 K’ cong, zn' Dy the equation

/
I(éond,Z'n.2+ = Bond,zn’ * AZn- (2.11)
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2.3.6 CSYV Speciation Titrations

The voltammetric system used was a 663 VA stand (Metrohm) consisting of a Hg mercury drop working
electrode (HMDE), a glassy carbon rod counter electrode, and a double junction Ag, AgCl, saturated KCl
reference electrode. A teflon cell cup was used. The electrode was interfaced to a PC (IBM) using an
IMEG663 and pautolab I (Eco Chemie).

Reagents used were EPPS (Aldrich) and APDC (Fluka). The pH of the EPPS buffer was adjusted to 8.1
as above. Zn contamination was removed by passing the EPPS buffer through a pre-cleaned chelex column
(Price and Morel, 1990). The APDC solution was prepared in 1% ammonia (Seastar) and washed twice
with ~10 ml aliquots of chloroform to remove metal impurities. The APDC solution was made fresh every
several days and was stored at 4°C.

Teflon sample vials were equilibrated with specific Zn concentrations as above. Before a titration, the
vials were rinsed with 12 ml of sample. Then, 12 ml of sample was measured into each vial and 2.4 mM
EPPS and the appropriate concentrations of Zn added. After 1 hour, 24.25 uM APDC was added to each
vial. The APDC was allowed to equilibrate with the Zn and natural ligands for a minimum of 11 hours.

Starting with the 0 nM Zn addition vial, and working in order of increasing Zn concentration, the sample
aliquots were poured into the voltammetric cell and de-aerated for 200 sec with filtered ultra high purity
nitrogen gas. Voltammetric scan conditions are listed in Table 2.2. The cell cup was not rinsed between
sample aliquots. -0.6 V was used rather than the -0.3 V used by Donat and Bruland (1990). At deposition
potentials of -0.3 V or -0.4 V no increase in peak height occurred with Zn addition. Peak height was

measured using the GPES software (Eco Chemie).

2.4 Results

2.4.1 f{I-ASV Method Analysis

ff-ASV titrations were performed on UV-irradiated and dilute (10%) seawater. UV-irradiation destroys
carbon-carbon bonds, thereby releasing Zn from any organic complexes. In dilute seawater, the ligand
concentration is diluted to ~0.1 nM. Thus, in both cases, no significant concentration of Zn binding ligands

is expected to be present. The titration of these samples with Zn produced a straight line with no evidence
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of curvature (Fig. 2-4). This indicates that when no Zn binding ligands are present, a ff-ASV titration
results in a straight line with Zn’ increasing immediately when Zn is added. Loss of Zn to the walls of the
teflon cell cup can be a significant problem that is important to avoid. For example, the Zn peak current
was reduced by a factor of 5 when a sample was left for 2 hr (data not shown). The routine practice of
equilibrating sample aliquot vials with a specific Zn concentration was employed to prevent wall loss. The

above titrations confirm that wall loss is not significant on the timescales of the titration.

The accuracy of the ff-ASV method was examined by performing a titration on a 0.1 M KCI solution
that had 4 nM EDTA added. EDTA reacts with Ca?* and Mg?*, and the high concentration of these ions
in seawater reduces the ability of EDTA to bind Zn. In the 0.1 M KCl solution, the K’ .4 7,2+ of EDTA
is 1013-8 whereas it is only 1076 in seawater (Bruland, 1989). The ff-ASV titration of the KCl + EDTA
solution produced a titration curve where low concentration additions of Zn did not produce significant
increases in the Zn peak height (Fig. 2-5). The calculated concentration of Zn binding ligands was 4.3 nM
which is in good agreement with the concentration of EDTA added (4.0 nM). The K’ ;.4 zn2+ calculated
from the titration data was 10110, Bruland (1989) performed an analagous ASV titration where 10 nM
EDTA was added to a 0.1 M KClI solution. The calculated K’ .ong zn2+ in that study was also 10110, This

emphasizes that K’ ., z,,2+ must be considered a lower limit estimation of the actual K’ ;g 75,2+

The values of Ly and K’ ;4 zn2+ are dependent on each other since K’ ,nq zn2+ is calculated using
L. For a set concentration of L, there is a specific range of K’ ;onq zn2+ values which can be measured
using the ASV technique. For example, the concentration of Zn’ can be calculated for a theoretical solution
containing 4 nM ligand with K’ cond,zn2+ values ranging from 107 - 10'3 (Fig. 2-6). This simulated data
shows that for a Ly of 4 nM, the titration curves of a ligand with K’ ;png zn2+ values of 10!, 10'2, and
1013 are virtually indistinguishable. The detection window of the method is thus between 107 and 10!, For
ligands with K’ 4 7,2+ values greater than 10, only the ligand concentration and a lower limit of the
K’ cond,zn2+ value can be determined. In the case of EDTA, the true conditional stability constant of 1gie

is outside our detection window and the calculated K’ ;g zn2+ Of 10!! represents the lower limit of the

actual value.
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242 f{f-ASV & CSV Sample Titrations

ff-ASV and CSV titrations were performed on samples from a 4 depth profile of the upper water column in
the North Atlantic. Using the ff-ASV method, the concentration of L1 was between 0.9 and 1.5 nM with an
average concentration of 1.2 nM (Fig. 2.7A). The concentration of Ly determined by CSV was between 0.6
and 1.3 nM with an average concentration of 1.0 nM (Fig. 2-7A). In 3 out of 4 samples analyzed, the [Lr]
value determined by ff-ASV was higher than the value determined by CSV. The average difference in the
concentration of Ly calculated by the two methods is 0.3 nM.

The K’ ond zn2+ Of the natural ligands were 1098 - 10195 when calculated from the ff-ASV titrations
(Fig. 2-7B). The CSV titrations resulted in K’ o,q zn2+ values that were between 109 - 10113 (Fig. 2-7B).
In half of the samples, a higher K’ ;.4 7,2+ was predicted based on the ff-ASV titration than that predicted
by the CSV titration. The average difference of the 10gK’ ;.4 7,2+ 's calculated by the two methods was 0.7.

The concentration of Lz observed in this study (0.6 - 1.5 nM) is in the range of values previously
measured in the North Atlantic (0.4 - 2.5 nM, Ellwood and van den Berg 2000). 1t is also similar o the
concentration of Zn binding ligands measured in the North Pacific (1.0 - 2.2 nM, Bruland 1989; Donat and
Bruland 1990) and in subantarctic waters (1.6 - 2.2 nM, Ellwood 2004). The K’ ;.4 72+ values calculated
in this study (10%-8 - 10113) cover a wider range than those previously measured in the North Atlantic (10102
- 10196 Ellwood and van den Berg 2000).

There was no apparent vertical structure over the top 150 m with either the Ly or the K’ .4 7,2+, re-
gardless of which method was used, similar to previous studies of Zn speciation (Bruland, 1989; Ellwood
and van den Berg, 2000; Ellwood, 2004). Concentrations of Zn** were calculated from the total Zn con-
centration (Zn7) and the above speciation parameters (Fig. 2-8). Zn%* ranged from 4 - 50 pM based on
the ff-ASV titrations and 6 - 68 pM based on the CSV titrations. The Zn%* concentrations predicted by
both methods were similar at every depth except 60 m, which is the depth where the concentration of Ly
was most different. The speciation of Znr was dominated by complexation to organic ligands. The [Zn?*]
calculated by ff-ASV was on average 5.6% of the [Znr]. The average [Zn%*] predicted by CSV was higher
at 9.1% of the [Znt]. However, this was largely due to the 60 m titration where the [Zn?T] accounted for
18.7% of the [Zn7]. If this depth is neglected, [Zn?t] is only 5.9% of the [Znr], similar to that calculated
by ff-ASV.
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2.5 Discussion

The free ion model predicts that Zn bioavailability is related to the Zn?* concentration rather than the
total Zn concentration. Zn speciation measurements provide a measure of the Zn?* concentration, allow-
ing a better evaluation of Zn bioavailability. Intercomparisons of ASV and CSV Zn speciation techniques
have generally showed good agreement between the two techniques (Donat and Bruland, 1990; Ellwood,
2004). That is also the case for the intercomparison presented here of the ff-ASV method and the CSV
method. Fundamental to the intercomparison of two methods is an accurate estimate of the error on (L]
and K';md,zn2+- Because ASV and CSV titrations take significant time (~5 hr, plus ~12 hr equilibration
for CLE-CSV), performing replicate titrations of the same sample is not common practice (Bruland, 1989;
Ellwood and van den Berg, 2000; Ellwood, 2004) and was not performed on the vertical profile.

Over the course of one month, 4 separate ff-ASV titrations were performed as above on a water sam-
ple from the N. Pacific (data not shown). The sample was stored at 4°C between analyses. The con-
centration of Ly in this sample was determined to be 2.84+0.5 nM and had a logK’ ;.4 zn2+ of 11.0£0.6
(averagetstandard deviation). The final titration of these four was performed 3 weeks after sampling and
indicated a [Lp] considerably lower than the other 3 titrations and may reflect the break down of natural
ligands during storage. If this titration is neglected, the standard deviation of [Lr] is reduced to 0.2 nM.
This is similar to results of Ellwood (2004) who found a standard deviation of 0.1 nM on triplicate ASV
titrations of a sample from the Antarctic. Ellwood (2004) observed a slightly higher standard deviation of
0.2 nM for duplicate CSV titrations of the same sample. On duplicate samples, Donat and Bruland (1990)
had lower average standard deviations on [L1] of <0.1 nM for ASV titrations and 0.1 nM for CSV titrations.
The standard deviations for the logK’ .., z,2+ values from the above three studies range from 0.2 - 0.6 for
ASV and 0.1 - 0.3 for CSV.

Based on the replicate titrations discussed above, the error on the [Lr] for the ff~ASV method is 0.2 -
0.5 nM. The 0.3 nM overestimation of the [Ly] in the KCI + EDTA titration also suggest an error on this
order. The studies of Donat and Bruland (1990) and Ellwood (2004) suggest that the error in [Ly] calculated
by CSV is 0.1 - 0.2 nM. The average difference between the [L7]’s calculated by ff-ASV versus CSV was
0.3 nM. Considering the above errors on the estimation of [Lr], the 0.3 nM difference between the ff-ASV

and CSV methods may be due to the error on [L7]. However, there does seem to be a pattern emerging
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of slightly lower [Ly] measured by CSV than by ASV (Table 2.1). Though the difference is on the order
of the estimated error, the fact that it was observed in all 3 intercomparisons suggests that it may be a real

systematic difference.

The average difference in logK’ ;nq zn2+ values for ff-ASV and CSV was 0.7. Again, with errors on
the logK’ ;ng zn2+ values of ~0.6 for the ff-ASV method and around 0.1 - 0.3 for the CSV method, the
differences between the 10gK’ ,nq zn2+ values is not likely significant. Donat and Bruland (1990) found
that the logK’ .4 zn2+ values predicted by ASV were one log unit higher than those predicted by CSV.
This systematic difference was not observed by Ellwood (2004) or in this study. Ellwood (2004) notes
that in studies of Bruland (Bruland, 1989; Donat and Bruland, 1990), successive Zn additions are made
to the voltammetric cell cup (i.e., whole titration is performed on one sample aliquot). In this study and
in Ellwood (2004), Zn additions were made to separate sample aliquots in Zn-conditioned vials. Ellwood
(2004) suggests this difference in protocols may influence the K’ o4 zn2+ values and could potentially
explain the log unit higher K’ 4 7,2+ values observed by Bruland. The Zn-conditioned sample vials are
employed to prevent wall loss. If wall loss was occurring in the Bruland ASV titrations, one would expect
a decrease in sensitivity, which would tend to increase the K’ .4 7,2+ value. However, this effect seems
to be small. Artificially doubling the sensitivity in the 60 m ff-ASV titration, resulted in a K’ 5,4 7,2+ that

was only 0.04 log units higher than that at the lower sensitivity.

For future studies, it would be ideal to reduce, or at least better quantify, the error on the estimations
of [L7] and K’ 5,4 752+. This would be improved by performing replicated titrations on the same sample
in a short time period (i.e., few days) for each speciation study. However, the estimations of [L.p] and
K’ cond, zn2+ are also affected by the method used to fit the titration data. Zn titration curves are typically fit
using the Ruzic/van den Berg linear method for one-metal, one-ligand (Bruland, 1989; Donat and Bruland,
1990; Ellwood and van den Berg, 2000; Ellwood, 2004). The titration data can also be modeled using a
non-linear fit as has been done for copper speciation (e.g., Moffett and Brand 1996). When a non-linear fit
was applied to the Zn titration data from this study, there was generally good agreement between the [Lr]
calculated by the linear method (differences of <0.1 nM); however, in one case (79 m sample), the difference
between the two fits (0.6 nM) was greater than the estimated error (0.2 - 0.5 nM). The average difference

between the 10gK’ ;4 7,2+ Vvalues calculated by the non-linear method and that of the linear method was
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the same as the estimated error (0.6).

Bruland et al. (2000) compared different voltammetric technniques for copper (Cu) speciation and found
the estimations of [Lr] and K’ ;4 72+ Of the CSV methods were influenced by the "analytical competition
strength”. The analytical competition strength was defined as acy(ar), = Bou(aL)g,curt * [AL]?. Thus,
competition strength of the synthetic added ligand (AL) was improved when its concentration was increased.
There was a systematic decrease of the estimated [Lr] and increase in K’ .4 cy2+ With increasing analytical
competition strength (Bruland et al., 2000). The Cu intercomparison also indicated that there was generally
better agreement between the calculated Cu?t than that of either (L] or K’ cond,cu2+. That was also the

case here where estimates of Zn?* were very similar, excluding the 60 m CSV titration.

Only one concentration of APDC was used in this study. A decreased concentration of APDC would
be expected to decrease the analytical competition strength thereby increasing the estimates of [Ly] and
decreasing the estimates of K’ 5,4 zn2+. This would generally bring the estimates of CSV into better agree-
ment with those of the ASV method. The analytical competition strength of APDC in this study was calcu-
lated as 0.61. The average "analytical window” in this study, calculated as L1 * K’ ;.4 zn2+ (Buckley and
van den Berg, 1986), is 25 for ASV and 74 for CSV. Thus, the analytical windows of the two voltammetric
methods used here are the same order of magnitude. Another factor to consider in terms of the analytical
window is the potential for APDC to form colloids. A high concentration of APDC is added, some of which
may react to form colloids. In the oligotrophic samples analyzed here, there is a large excess of APDC
relative to Zn and a low concentration of particulate matter. These two factors likely result in the effect of
APDC-colloid formation being small in this study. However, in coastal systems or at high Zn concentrations

this effect may be significant.

Another factor that will affect the estimation of [Lr] and K’ .4 7,2+ is the ability to consistently fit a
Zn current peak on the voltammetric scan. The ff-ASV method presented here was developed only because
problems with the established methods for Zn speciation made their use intractable. In trying the classic
ASV method of Bruland (1989), we found that with the voltammetric system available (different manufac-
turer than Bruland (1989)), the baseline had too high a level of noise. Even at deposition times of 15 minutes,
we could not get a signal to noise ratio sufficient for detection of low levels of Zn. In addition, the CLE-CSV

method of van den Berg (1985) was tried repeatedly with unsuccessful results. With the voltammetric sys-
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tem employed here, the baseline of the voltammetric scan was not flat in the vicinity of -1.1 V where the Zn
peak occurs. Additionally, there was an interfering peak such that Zn sometimes occurred as a double peak,
but the interference was not consistent. Problems were also encountered where the addition of Zn caused no
increase in the height of the Zn peak. This method was only made to work on our system with the help of
an expert whose perserverance with tweaking all the scan parameters finally resulted in consistent baseline
scans where Zn occurred as half of a double peak that increased with Zn addition. Thus, one key advantage
of the ff-ASV method presented here was the low-noise baseline that had no other peaks in the vicinity of
-1.1 V (Fig. 2-2). Another advantage of the ff-ASV method presented here is that short deposition times can
be used (3 min) and a long equilibration period is not necessary (such as the overnight equilibration required
with CLE-CSV).

The observed Zn-binding ligand appears to be Zn specific. The similar Ly concentrations in the ASV
and CSV titrations indicates that the high concentration of Hg?* added (10 uM) in the ASV titrations did
not affect the Zn binding capacity of Ly. This is similar to previous studies of Zn speciation, where Zn
binding was not influenced by additions of Cu (Bruland, 1989) or cadmium (Ellwood, 2004). Apparently,
the natural cadmium binding ligands are less specific than those of Zn, as Zn addition sometimes reduced

the concentration of cadmium-binding ligand (Ellwood, 2004).

2.6 Conclusions

Herein, an ASV method was successfully adapted to the measurement of Zn speciation. This ff-ASV method
was able to predict the concentration and a Jower estimate of K’ 4 7,2+ of EDTA. The ff-ASV method
predicted similar K’ ;.4 7,2+ values and Ly concentrations of 4 samples in the North Atlantic as those
predicted by CLE-CSV. The concentrations of Ly and the values of K’ g zn2+ in the North Atlantic are
similar to values measured previously and to those in the North Pacific and Southern Ocean. A consistent
picture with respect to Zn speciation in the oligotrophic ocean seems to be emerging. The recent application
of Zn speciation analysis to Fe and Zn grow-out experiments begs a reconsideration of the established
free ion model of Zn bioavailability. The Zn speciation method developed here adds to the arsenal of Zn

speciation techniques, which have the potential to provide significant insight into Zn bioavailability.
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Table 2.2: Voltammetric scan conditions used in this study for the ff-ASV and CLE-CSV methods.

Parameter ff-ASV CLE-CSV
conditioning potential 06V

conditioning.time 60 sec

deposition potential -1.5V 06V
deposition time 600 sec 180 sec
equilibration time 10 sec 8 sec
frequency 50 Hz

modulation time 0.017 sec
interval time 0.2 sec
initial potential -13V -0.75V
End potential 06V -1.3V
step potential 495 mV 495 mV
modulation amplitude 50 mV 100 mV
RDE stirrer speed 1500 rpm

waveform square wave differential pulse

32



Figure 2-1: A typical ff-ASV titration (60 m sample) showing the response of Zn peak height with increasing
Zn additions (A) and the linear relationship obtained by transforming the titration data using equations 2.1 -

2.3 (B).
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Figure 2-2: Voltammetric scans of a seawater sample and two Zn standard additions obtained using ff-ASV
method. (A) Shows the scans at full scale. The large Hg peak is visible at 0 V. (B) Shows the same set of
scans on a smaller scale in order for the Zn peaks to be visible.
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Figure 2-3: A typical CLE-CSYV titration (data from the 21 m sample) showing the response of Zn peak
height with increasing Zn additions (A) and the linear relationship obtained by transforming the titration

data using equations 2.5 - 2.10 (B).
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Figure 2-4: ff-ASV titrations of UV-irradiated seawater (A) and a dilute (10%) seawater solution (B). Notice
that in both cases, no curvature is observed.
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Figure 2-5: ff-ASV titration of 0.1 M KCl solution where 4 nM EDTA was added. (A) Peak height increase
with increasing Zn standard additions. (B) the linear relationship obtained by transforming the titration data

using equations 2.1 - 2.3.
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Figure 2-6: Simulated ASV titrations of a solution with 4 nM ligand of various K.,nq zn2+ Vvalues.
K ond zn2+ Vvalues used for each titration are listed on plot.
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Figure 2-7: Profiles of [L]17 (A) and K yng zn2+ (B) determined by CSV (filled circles) and by ff-ASV (open
squares). Samples were collected in April 2004 from the North Atlantic Ocean (34°38’N, 55°35°W).
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Figure 2-8: Profile of total dissolved Zn (X’s) along with Zn?* determined by CSV (filled circles) and
ff-ASV (open squares).
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Chapter 3

Zinc in the subarctic North Pacific and

Bering Sea
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3.1 Abstract

The eastern subarctic North Pacific, an area of high nutrients and low chlorophyll, has been often studied
with respect to the potential for iron to control primary production. In comparison, the geochemistry of
zinc in the region or in the western portion of the subarctic North Pacific is relatively uncharacterized. In
this study, total zinc concentrations and zinc speciation were measured in the near-surface on a transect
across the subarctic North Pacific and across the Bering Sea. Total dissolved zinc concentrations in the
near-surface ranged from 0.10 nM to 1.15 nM with lowest concentrations in the eastern portions of both
the North Pacific and Bering Sea. The speciation of total dissolved zinc was dominated by complexation to
strong organic ligands whose concentration ranged from 1.1 to 3.6 nM with conditional stability constants of
10%! - 10197, The importance of zinc to primary producers was evaluated by comparison to phytoplankton
pigment concentrations and by performing a shipboard incubation. Zinc concentrations were positively
correlated with two pigments that are characteristic of diatoms. At one station in the N. Pacific, the addition
of 0.75 nM zinc resulted in a doubling of chlorophyll after four days. This study adds to our understanding

of zinc geochemistry and bioavailability in the subarctic North Pacific and Bering Sea.
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3.2 Introduction

Surface macronutrient concentrations (nitrate, phosphorus, silicate) in the subarctic N. Pacific are not de-
pleted by phytoplankton growth (McAllister et al., 1960), leading to its characterization as a high nutrient,
low chlorophyll (HNLC) region. Surface concentrations of iron (Fe), an essential plant nutrient, in this
region are very low (e.g., 0.06 nM, Martin et al. 1989). Additions of Fe to both bottle incubations (Martin
and Fitzwater, 1988; Coale, 1991; Boyd et al., 1996; Lam et al., 2001; Crawford et al., 2003; Leblanc et al.,
2005) and meso-scale ocean patches (Tsuda et al., 2003; Boyd et al., 2004) have demonstrated the ability of
Fe to regulate primary production in this region.

Zinc (Zn) concentrations are also very low in the surface waters of the subarctic N. Pacific (Bruland et al.,
1978; Martin et al., 1989; Lohan et al., 2002). Though Zn is an important micronutrient for phytoplankton,
the role of Zn in determining marine primary production is not as clear as that of Fe. Low Zn concentrations
can limit phytoplankton growth in cultures (Anderson et al., 1978; Brand et al., 1983; Morel et al., 1991).
Similarly low Zn concentrations are found in the open ocean. However, unlike Fe, Zn additions to bottle
experiments have had little or no effect on total chlorophyll biomass (Coale, 1991; Coale et al., 1996;
Scharek et al., 1997; Gall et al., 2001; Coale et al., 2003; Crawford et al., 2003; Franck et al., 2003; Ellwood,
2004; Lohan et al., 2005;_ Leblanc et al., 2005).

Zn has the potential to influence primary production in ways other than by controlling phytoplank-
ton biomass. Zn is a cofactor in a number of important enzyme systems such as carbonic anhydrase and
alkaline phosphatase, which are involved in carbon and phosphorus acquisition. In the subarctic N. Pa-
cific, low dissolved concentrations of Zn have been suggested to limit activities of the bacterial ectoenzyme
leucine aminopeptidase (Fukuda et al., 2000). Low Zn availability resulted in reduced activity of alkaline
phosphatase in Zn and phosphorus co-limited cultures of E. huxleyi, and Zn addition increased alkaline
phosphatase activity in a shipboard incubation in the Bering Sea (Shaked et al., 2006). Thus Zn availability
can affect the functioning of enzyme systems.

Studies with cultured phytoplankton demonstrate that cobalt (Co) and cadmium (Cd) are able to substi-
tute for Zn in the enzyme systems of some phytoplankton (Lee et al., 1995; Yee and Morel, 1996). Co is
actually preferentially utilized over Zn by some phytoplankton species (Sunda and Huntsman, 1995; Saito

et al., 2002), which suggests that the ratio of Zn to Co may influence species composition in the ocean (Sunda
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and Huntsman, 1995). While this hypothesis has not been explicitly tested, the ability of Zn to influence
species composition has been shown. In an incubation in the eastern subarctic N. Pacific, the addition of Zn
and Fe together (+Zn/+Fe) resulted in a higher proportion of phytoplankton in the smatler size fraction (0.2 -
5 um) compared to the addition of Fe alone (Crawford et al., 2003). The community in the +Zn/+Fe addition
had a higher abundance of small diatoms and small flagellates and less coccolithophores and ciliates than
the Fe alone addition (Crawford et al., 2003). Zn may influence not only which taxa dominate, but which
species within a taxa are most successful. In a bottle incubation experiment in the sub-Antarctic zone, the
addition of Zn caused a community shift from a large colonial pennate diatomn to a smaller, less-silicified,

solitary pennate diatoms species (Leblanc et al., 2005).

Zn deficiency can also effect the extent of calcification of E. huxleyi, a ubiquitous marine coccol-
ithophore (Schulz et al., 2004). Under Zn limitation, E. huxleyi cells become more heavily calcified due to
a slowing of growth rates with no corollary decrease in calcium carbonate (CaCOj3) production rate (Schulz
etal., 2004). This effect, along with Zn’s potential to influence species composition, suggests that Zn may be
an important determinant of the organic carbon:CaCOj rain ratio. At low Zn:Co, coccolithophores and small
cyanobacteria would be expected to dominate over diatoms based on their growth rates at low Zn:Co (Sunda
and Huntsman, 1995). This community shift would decrease the organic carbon:CaCOj3 rain ratio, as coc-
colithophores have CaCOs shells. In addition, the coccolithophores growing under low Zn would be more
highly calcified than those experiencing replete levels of Zn, further decreasing the organic carbon:CaCOj3

rain ratio.

Zn bioavailability is related to the Zn free ion (Zn?*) concentration rather than the total Zn concen-
tration, based on culture studies with the synthetic ligand EDTA (e.g., Anderson et al. 1978). Natural
organic ligands in the surface ocean strongly bind Zn (Donat and Bruland, 1990; Bruland, 1989; Ellwood
and van den Berg, 2000; Ellwood, 2004). These ligands dominate the speciation of the total Zn pool, with
Zn?* accounting for 5% or less of the total dissolved Zn. Recent evidence demonstrates that the inven-
tory of Zn binding ligands can be extremely dynamic with production and removal of ligands occurring on
timescales of 1 day (Lohan et al., 2005). Zn speciation measurements of shipboard incubation experiments
suggest that the phytoplankton community can survive at lower Zn?* than is known to limit phytoplankton

cultures (Ellwood, 2004; Lohan et al., 2005). These results indicate that either the natural community has
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much lower Zn requirements than cultured strains, that it is able to meet its Zn requirement by substituting
Co or Cd, or alternately, that the community is able to utilize organically complexed Zn.
This study examines total dissolved Zn and Zn speciation across the subarctic N. Pacific and Bering Sea

and the effect of Zn addition on phytoplankton in the N. Pacific.

3.3 Methods

3.3.1 Sample Collection and Handling

Samples were collected in the N. Pacific and Bering Sea aboard the R/V Kilo Moana in the summer of 2003
(Fig. 3-1). Water samples were collected using 10 L teflon-coated Go-Flos (General Oceanics) on a kevlar
hydrowire. Seawater was collected from the Go-Flo bottles by connecting teflon tubing to both ports and
over-pressuring the top port with filtered ultra-high purity nitrogen gas. Seawater passed directly from teflon
tubing through a sandwich filter (acid-cleaned 0.4 pm polycarbonate) and into rigorously acid-washed low
density polyethylene (LDPE) or teflon bottles (see Appendix A for full acid-washing procedure). Samples
for total dissolved Zn analysis (LDPE bottles) were acidified to approximately pH 2 by the addition of
2 ml HCI (Seastar) per liter of seawater. Samples for Zn speciation analysis (teflon bottles) were stored
refrigerated until analysis. All manipulation of the samples occured in a laminar flow bench inside a clean

laboratory.

3.3.2 Total Dissolved Zn Analysis

Total dissolved zinc (Znr) concentrations were measured using isotope dilution and magnesium hydroxide
pre-concentration followed by analysis using inductively coupled plasma mass spectrometry (ICP-MS) after
Wu and Boyle (1998) and Saito and Schneider (2006). 15 ml centrifuge tubes (Globe Scientific) were
cleaned by soaking in 2N HCI (J.T. Baker instra-analyzed) at 60°C for 48 hours followed by rinsing 5 times
with pH 2 HCI (J.T. Baker instra-analyzed) and once with pH 2 HCI (Seastar). Finally, tubes were filled
to a positive meniscus with pH 2 HCI (Seastar) and capped until use. At the time of analysis, tubes were
rinsed once with sample and then filled to approximately 13.5 ml (exact volume determined gravimetrically).

Samples were then spiked with %6Zn (98.9% as %6Zn, Cambridge Isotope Laboratories, Inc.) to an estimated
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66Zn:64Zn ratio of 9. This ratio minimizes error magnification (Heumann, 1988):

GGZn 66Zn
Roptimum = \/(g%)sample * (m)spike- (3.1)

The added %6Zn spike was allowed to equilibrate with the samples overnight. The following day, 125 ul
of ammonia (Seastar) was added to each tube. After 90 sec, the tube was inverted and after an additional
90 sec, tubes were centrifuged for 3 min at 3000xg (3861 rpm) using a swinging bucket centrifuge (Eppen-
dorf 5810R). The majority of the supernatant was carefully decanted. Tubes were then respun for 3 min
to firm pellet and the remaining supernatant was shaken out. Pellets were dissolved on the day of ICP-MS
analysis using 0.5 - 1.5 ml of 5% nitric acid (Seastar). ICP-MS measurements were made using a Finnigan
ELEMENT? in medium resolution mode, which was sufficient to resolve 64Zn from the potential interfer-

ence peak due to Mg-Ar. Zny concentrations were calculated as

(i fo4 spike

e (3.2}
f64 natural

* [Znsm-ke] *

spike volume . ( Rfmeasured = Rsp-ike >
sample volume Rensisral — Povieasured

where fg4 is the fraction of the abundance of 84Zn over the abundance of all the Zn isotopes and R is the ratio
of 6Zn:54Zn, To measure the procedural blank, 1 m! of surface seawater was treated the same as samples,
and calculations were performed as though it was a 13.5 ml sample. The average blank value was 0.12 nM

with a detection limit of 0.09 nM (calculated as three times the standard deviation of the blank).

The efficiency of the magnesium hydroxide precipitate at scavenging Zn was tested. 1 ml aliquots of
acidified seawater (n=3) were equilibrated with the radioisotope 8°Zn (approximately 0.5 xCi) for 2 hours.
30 p] of ammonia was added to each sample and after 1.5 minutes, the samples were centrifuged for 3 min-
utes. The amount of %5Zn was quantified in the seawater before precipitation, in the precipitate, and in
the supernatant using a sodium iodide detector. The percent of 85Zn that was captured, on average, by the
magnesium hydroxide pellet was 96% and the fraction remaining in the supernatant was 2%. The accu-
racy of the method was evaluated by measuring a NASS-5 seawater standard (National Research Council of
Canada). The NASS standard has a certified value of 1.56 £0.60 nM Zn. The value obtained by this method

(1.00 £0.03 nM) was in good agreement with the certified value.
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3.3.3 Zn Speciation Determinations

Zn speciation was determined by anodic stripping voltammetry (ASV) using a method adapted from that of
Fischer and van den Berg (1999) for the measurement of total lead and cadmium. This method is different
than ASV methods that have been used in the past for the determination of zinc speciation (Bruland, 1989;
Donat and Bruland, 1990). In previous methods, a mercury film was plated onto a glassy carbon electrode
and that film was used repeatedly for multiple sample aliquots. In the fresh film ASV (ff-ASV) method
used here, dissolved mercury is added to each sample aliquot and a new mercury film is plated for each
aliquot. This has the advantage of producing a thinner mercury film in which Zn is plated simultaneously
with mercury, resulting in higher relative Zn concentrations than with a pre-plated film. Thus, the method
yields high sensitivity even at relatively short deposition times (3 min).

Measurements were made using a 663 VA stand (Metrohm) consisting of a glassy carbon rotating disc
working electrode, a glassy carbon rod counter electrode, and a double junction Ag, AgCl, saturated KCl
reference electrode. The electrode was interfaced to a PC (IB'M) using an IME663 and pautolab 1 (Eco
Chemie). Before each day of speciation analysis, the glassy carbon rotating disc electrode (RDE) was man-
ually polished with aluminum oxide. Then, a cyclic voltammetry step was performed cycling the voltage be-
tween -0.8 V and 0.8 V 50 times. Reagents used included 4-(2-Hydroxyethyl)-1-piperazinepropanesulfonic
acid (EPPS), ammonium thiocyanate, and mercuric chloride. The pH of the EPPS buffer was adjusted to
8.1. EPPS and thiocyanate reagents were run through a pre-cleaned chelex column to remove trace metal
contamination. The thiocyanate reagent is added to improve the reproducibility of the mercury film and to
ensure full de-plating of the film between samples (Fischer and van den Berg, 1999).

Zn speciation titrations were set up in 15 m] teflon vials (Savillex). In order to prevent wall loss, teflon
vials were equilibrated with specific concentrations of Zn before use and each vial was always used for the
same concentration of Zn. Before a titration, the vials were rinsed with 12 ml of sample. Then, 12 ml
of sample was added into each vial, along with 1.7 mM EPPS. For each sample aliquot, the appropriate
concentration of Zn was allowed to equilibrate with the sample in the sample vial for 10 minutes. Then,
the sample aliquot was poured into the voltammetric cell and 4.2 mM ammonium thiocyanate and 10.4 uM
mercuric chloride were added. Each sample aliquot was purged with ultra-high purity nitrogen gas for 5 min

to remove oxygen. A conditioning potential of 0.6 V was held for 60 sec. The mercury film and Zn’ were
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then deposited at a potential of -1.5 V for 180 sec. After a 10 sec equilibration time, the voltage was ramped
in square wave mode from -1.3 V to 0.6 V. A frequency of 50 Hz was used and the step potential and
modulation amplitude were 4.95 mV and 49.95 mV, respectively. A peak in current was evident at -1.1 V
representing the concentration of inorganic Zn species (Zn’). The total ligand concentration ([Lr]) and
conditional stability constant (K’ ;onq, zn’) With respect to Zn’ were calculated by performing a linearization
of the titration data (Ruzic, 1982; van den Berg, 1982), where [Zn’}/[ZnL] is plotted versus [Zn’]. The
equation for the resulting line is

2n] _(20) , 1
[ZTLL] [LT] (K!:ond,Zn’ " [LT])

(3.3)

Hence, [L7] can be calculated as 1/slope and K’ conq zn’ as 1/([L7] * y-intercept). The Zn** concentrations

in Table 3.1 were calculated based on the relationships:

; _ [ZnL] 54
cond, Zn! = W (3.4)
[Zn'] = azp * [Zn*Y] (3.5)

[Zn’] was calculated from equation 3.3, assuming that [L17 - [Zn]p = [L’] and that [ZnL] = [L]r - [L’]. A

value of 2.2 was used for az, (Tumer et al., 1981).

3.3.4 Shipboard Incubation

Trace metal clean water was collected with an air-driven Teflon pump that pumped water from approximately
15 m depth directly into an acid-washed HDPE carboy, housed in a trace-metal free bubble constructed of
a HEPA filter and plastic sheeting. Acid-washed polycarbonate bottles were filled with unfiltered seawater
from the carboy. A time zero sample for chlorophyll was also collected from the carboy. Additions were
made to duplicate polycarbonate bottles as follows: control (no addition), +Fe (2.5 nM FeCls), +Zn (0.75 nM
ZnCly), +Zn/+Fe (0.75 nM ZnCl,, 2.5 nM FeCl;3). Bottles were tightly capped and placed in an on-deck
water bath supplied with flowing seawater for temperature control. Sunlight was attenuated with with blue-

gel shading (Roscolux 65: Daylight Blue, Stage Lighting Store) to mimic 15 m irradiences. On days 2 and 4,
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one bottle was removed from the incubator and sampled for chlorophyll. Samples for analysis of dissolved

nutrients from select bottles were also collected, filtered, and frozen.

3.3.5 Chlorophyll, Nutrients, and HPLC pigments

For chlorophyll analysis, seawater was passed through a GF/F filter. Filters were extracted in 90% acetone
overnight at -20°C and analyzed following the procedure of Jeffrey and Humphrey (1975). All samples for
nutrient analysis were passed through an acid-cleaned 0.4 pm filter into acid-cleaned polypropylene tubes
and stored frozen until analysis. Analysis was performed by the Ocean Data Center (ODC) at the Scripps
Institution of Oceanography for nitrate, nitrite, ammonium, silicate, and phosphate using an autoanalyzer.
In addition, the Popp group ran phosphate analyses onboard at select stations using the molybdate blue
method (Murphy and Riley, 1962). Sample collection and analysis of HPLC pigments was performed by
the Bidigare group at University of Hawaii after Bidigare (1991) and Bidigare and Trees (2000).

3.4 Results

3.4.1 Total Dissolved Zn

ZnT was measured in the near-surface at 5 stations in the N. Pacific (mixed layer 15-80 m) and 4 stations in
the Bering Sea (mixed layer 15-25 m). Zny concentrations in the near-surface ranged from 0.10 to 1.15 nM
(Table 3.1, Fig. 3-2). Concentrations increased from east to west in the North Pacific. In the Bering Sea,
concentrations were lowest over the shelf and highest at St. 9, which was close to the shelf/slope break.
Profiles of 8-11 depths were collected at three stations in the N. Pacific (Fig. 3-3). The Znp concentrations
observed in these profiles are oceanographically consistent with lowest concentrations observed in surface
waters, increasing to a maximum concentration around 500 m. At the majority of stations, the near-surface
samples collected were close to the base of the mixed layer (e.g., St. 4, Fig. 3-4). Only at St. 1 were
multiple samples collected at different depths within the mixed layer. In the N. Pacific, the thermocline
extended down to roughly 80-100 m. In the Bering Sea, the thermocline occurred over more compressed
depths with the minimum temperature reached between 30-50 m.

When Znr concentrations from the 3 profiles are plotted against phosphate (POy), the data agree well
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with a previous study (Martin et al., 1989) from the N. Pacific in the vicinity of St. | (Fig. 3-5SA). However,
there are some discrepancies. At the high POy, high Zn end of the spectrum, there are three data points that
fall above the trend (St. 4 3000 m; St. 6 1000 m; St. 6 3000 m). These data occur at depths in the profile
(1000-3000 m) where PO4 concentrations are expected to remain constant with depth, yet the POy in these
samples is significantly lower than the two depths surrounding it or the depth above it in the case of the
3000 m points. If the PO4 values for these three data points are replaced with the average value for the two
surrounding depths or the value above it in the case of 3000 m, the St. 6 1000 m point falls back in line
with the expected trend (Fig. 3-5B). The final two data points (St. 4 3000 m; St. 6 3000 m) fall closer to
the line but still seem to have higher than expected Zng concentrations. The 3000 m samples were collected
with Go-Flo bottles attached to the CTD rosette frame because sufficient kevlar was not available to reach
3000 m depth. The fact that these samples continue to fall above the trend and were collected on a metal
hydrowire suggest that the values are influenced by contamination and that the true Znr concentrations are
lower than those reported here. A final point that seems to fall somewhat off the trend is that at 1.2 uM POy4
and 2.7 nM Znr (St. 6 80 m). PO4 concentrations were measured both shipboard and by the ODC for this
sample. The shipboard value of 1.7 uM POy is signficantly higher than the ODC number of 1.2 uM and is
a value that matches the trend. This suggests that PO4 was lost during storage before analysis by ODC, a
potential problem of sample storage (Maher and Woo 1998, and references therein).

A tight correlation was observed between silicate (Si) and Znr concentrations (Fig 3-6, R? = 0.93).
Again, however, there are a few outliers. The highest Zn values again fall above the trendline-the likely
contamination of these samples has already been noted. The Zn/Si relationship is generally linear, but data
from both this study and Martin et al. (1989) trend slightly above the linear relationship in the mid-values.
This suggests that at mid-depths (~300-500 m) Zn may be remineralized faster from sinking particulate

matter than Si.

34.2 Zn Speciation

Zn speciation titrations were perfomed on near-surface samples for stations 1-8. The concentration of Zn
binding ligands (L7) ranged from 1.1 to 3.6 nM in the near-surface with an average concentration of 2.2 nM

(Table 3.1, Fig. 3-7). The concentration of Ly followed a general trend of increasing concentrations from
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ecast to west in the N. Pacific. The highest concentration of L was observed at St. 8 in the western Bering
Sea. The K’ ;ona, zn Of the natural organic ligands ranged from 10%! to 1007 with an average value of 10101
(Table 3.1). The resultant Zn?* concentrations in these samples ranged from 5-23 pM. Where multiple
depths of a profile were analyzed for speciation, the Zn binding ligands had similar concentrations and

conditional stability constants at each depth (Table 3.1).

3.4.3 Shipboard Incubation

The shipboard incubation began at St. 5. At time zero of the incubation, chlorophyll concentrations were
0.99 ug L~!. The dominant phytoplankton pigments at St. 5 were hexanoyloxyfucoxanthin, fucoxanthin,
chlorophyll ¢, and chlorophyll b. This suggests that the initial community in our incubation bottles consisted
mainly of prymnesiophytes, diatoms, and green algae. The near-surface Znt concentration at St. 5 was
0.65 nM. Chlorophyll values remained constant in the control treatment over 4 days (Fig. 3-8). In the +Zn
treatment, chlorophyll concentrations increased over the control by 25% on day 2 and reached twice the
value in the control on day 4. An even more pronounced effect was seen in the treatments where Fe was
added (+Fe, +Zn/+Fe). In these treatments, chlorophyll increased by between 60-80% over the control on
day 2 and reached over 3 times the chlorophyll values observed in the control on day 4. The drawdown of
nutrients in the incubation bottles matched the chlorophyll trend (Table 3.2). At the end of the experiment,
nutrients were most depleted in the treatments where Fe was added. Nutrient concentrations in the +Zn

treatment were intermediate between those of the contro] and the Fe additions.

3.4.4 Chlorophyll, Nutrients, and HPLC pigments

Chlorophyll concentrations in the near-surface were lowest in the eastern N. Pacific (Table 3.1). Chlorophyll
increased moving west from St. 1 to St. 5. Moderate chlorophyll values were observed for stations 6-10 in
the western N. Pacific and Bering Sea, and the highest chlorophyll concentration encountered was at St. 11
on the Bering Shelf.

In the N. Pacific, near-surface PO4 was lowest in the east and increased significantly between St. 1 and
St. 3 and then remained relatively constant moving west (Table 3.1). In the Bering Sea, PO4 was highest in

the west and decreased significantly on the Bering shelf.
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There was no relationship between Znr concentration and total chlorophyll a (Fig. 3-9A). However,
for the pigments fucoxanthin and chlorophyll ¢, a positive relationship was observed between Znr and the
relative contribution of each pigment to total chlorophyll a (Fig. 3-9B, 3-9C). The relative contribution of a

pigment was calculated as

' e Concentration of a pigment (ng L™1)
lat tribut = 100 3.6
Helatioe soulyittion () Total chlorophyll a concentration (ng L~1) * 36

A significant relationship was observed between the free Zn?* concentration and total chlorophyll a (Fig. 3.10A).
The free Zn?t concentration was better correlated than the Zn concentration to both fucoxanthin (Fi g.3.10B)

and chlorophyll ¢ (Fig. 3-10C).

3.5 Discussion

3.5.1 Total Dissolved Zn

Near-surface concentrations of Zng increased along an east to west transect in the N. Pacific. This trend
agrees well with the trend of integrated Zn in the upper 100 m from a previous study in the region (Fukuda
et al., 2000). The low value at St. 1 (0.10 nM) is in the range of values reported for the near-surface in that
vicinity (0.06 - 0.25 nM, Martin et al. 1989). During the SEEDS Fe enrichment experiment, which was
performed further west of St. 6 (48.5°N, 165°W), near-surface Zny concentrations were even higher than
those observed at St. 6 (1.18 - 2.35 nM, Kinugasa et al. 2005). In the Bering Sea, highest Zny concentrations
were observed in the western portion of the Bering Sea, which can experience high dust inputs from Asian
deserts (Boyd et al., 1998; Nishioka et al., 2003). Lower Znt was observed in the eastern Bering Sea on the
Bering Shelf where chlorophyll concentrations were high.

The Znr depth profiles reported here agree well with previous studies, exhibiting nutrient-like behavior
(Bruland et al., 1978; Bruland, 1980; Martin et al., 1989; Bruland et al., 1994; Lohan et al., 2002). Znr con-
centrations from St. 1 are plotted with Zny concentrations from two studies (Martin et al., 1989; Fujishima
et al., 2001) where profiles were measured in close proximity to St. 1 (Fig. 3-11). The profiles from all
three studies are in close agreement, with values approaching zero in the upper 100 m of the water column,

increasing most significantly between 150 and 500 m and reaching a maximum concentration of ~10 nM.
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Excluding the likely contaminated 3000 m data, the profiles from this study reach maximum concentra-
tions of 10-10.5 nM. These values agree well with Martin et al. (1989) who found Znr concentrations of
10-10.5 nM at 1500 m for VERTEX stations T-5 thru T-8 and Fujishima et al. (2001) who found deep water
Znp concentrations across the suba‘rctic N. Pacific to be 10-11 nM. In the central North Pacific, between 20
- 30°N, Znr concentrations reached maximums of only about 9.5 nM (Bruland et al., 1978; Bruland, 1980;
Bruland et al., 1994). Lohan et al. (2002) report Znr profiles down to 400 m in the eastern subarctic N. Pa-
cific. The maximum values at 400 m were generally 8-10 nM, though at St. P4, Znr was 14.4 nM at 400 m.
This station was on the shelf and had elevated concentrations throughout the profile which the authors at-
tribute to coastal upwelling (as evidenced by temperature and salinity data). The higher deep Zn values in
the subarctic N. Pacific relative to the central N. Pacific are likely due to increasing time for remineralized

Zn to reach the deep waters as they move northward.

At St. 4, Znr concentrations from the same profile were also measured using isotope dilution, mag-
nesium hydroxide pre-concentration coupled with an anion exchange resin (S. John, unpubl. data). The
results from that method showed excellent agreement with the shape of the entire profile from this study. In
addition, the Znr concentrations were usually the same within the error of the measurement. In the upper
1500 m, only three samples out of ten had significantly different concentrations, where the ranges based on
the standard deviations did not overlap (100, 150, and 1500 m). In two of three of these samples S. John
observed a lower Zny concentration than this study (150 and 1500 m). The discrepancy between the Znr
values at these three depths warrants the re-analysis of those depths. However, it is very encouraging that
the two studies agree for the majority of the samples, especially considering the high precision of the mea-
surements (standard deviations generally ~0.1 nM). Additionally, the two studies match at the low Zn end

of the profile, which should be the more difficult measurements to make.

Near-surface Znr concentrations in the Bering Sea were high (~1 nM) in the deep western portion of
the basin and low in the eastern waters over the Bering shelf. Previous studies of Zn in the Bering Sea have
shown elevated Znt concentrations at depth (3.5 nM at 30 m and 20 nM at 3000 m) in the western Bering
Sea (Fujishima et al., 2001), but low surface Zn concentrations (<0.41 nM, Fujishima et al. 2001; Leblanc
et al. 2005). At St. 8, the mixed layer was only 15 m, and the PO4 concentration at 20 m was 1.56 uM

compared with only 1.25 uM at the surface. Thus, the high Znr at St. 8 is likely a result of sampling below
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the mixed layer, at a depth where significant remineralization is occurring. The mixed layer at St. 9 is about
18-20 m and the near-surface sample from this station was taken from 20 m. Unfortunately, nutrient data is
not available for St. 9, so it is difficult to conclusively say that the high Znp value is due to the sample being
below the mixed layer. An alternate explanation for the elevated Znr concentration observed is that it is a
result of recent atmospheric inputs.

Dust from Asian deserts and loess regions is deposited to the N. Pacific and Bering Sea with highest
depositions occurring at mid to high latitudes (Duce and Tindale, 1991). A map of aerosol index, a proxy
for dust concentration, compiled for July 20, 2003 (shortly before we sampled stations 8 & 9) is shown
in Fig. 3-12. The most striking feature of this map is the Saharan dust plume over the tropical Atlantic.
However, it also shows a high concentration of dust over the Chukchi peninsula of Russia, just north of the
Bering Sea.

Dust has the potential to input significant amounts of trace metals to the surface ocean. Bruland (1980)
calculated that atmospheric deposition rates of copper and Zn could be similar to inputs from vertical mixing,
and data collected as part of the Sea-Air Exchange (SEAREX) experiments generally support this conclusion
(Arimoto et al. 1989, and references therein). Dust deposition to the N. Pacific is typically maximal in
March-June, though deposition can be very episodic (Arimoto et al., 1989).

In order to assess of whether or not atmospheric flux could realistically explain the high Znp values in
this study, an attempt was made to calculate atmospheric Zn fluxes for St. 9. To increase the Zn concentration
by 0.8 nM in the upper 19 m, would require 15 gmol m~2 of Zn. Tsunogai et al. (1985) calculate a

relationship for mineral dust concentration based on the distance from the Asian coast:

G = 0.76 + 53.5-148=—F » X) 3.7

where C is the dust concentration in ug m~3, X is distance in km, and where the constants are calculated for
stations above 30°N. From this relationship, a dust concentration of 1.42 ug m~3 is calculated for St. 9. The
concentration of dust was converted to Zn concentration based on dust containing 8% Al (crustal abundance)
and on an Al:Zn ratio of 123.5 which has been observed in Asian dust (Duce et al., 1983). The calculated
Zn concentration (0.9 ng m~3) is the same order of magnitude as the Zn concentration measured in dust at

the Enewetak Atoll in the equatorial N. Pacific (0.2 ng m~3, Duce et al. 1983). The depositional flux of dust
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can be described by the equation

F=VxC (3.8)

where F is the flux in ug sec™! m™2, V is the depositional velocity in cm sec™! and C is the dust con-

centration in ug m~>. A depositional velocity for the central N. Pacific was calculated as 2 cm sec™?

1

(Uematsu et al., 1985), however 1 cm sec™" is a more commonly used depositional velocity. Using a de-

positional velocity of 2 cm sec™! and the Zn dust concentration calculated above, to get the desired Zn flux
of 15 umol m~2 would require 6 days. At the more commonly used depositional velocity of 1 cm sec™?,
this time is increased to 12 days. This calculation assumes that all the Zn in the dust dissolves. Determining
the amount of metals which dissolve in the ocean upon dust deposition is an active area of research (e.g.,
Sedwick et al. (2006)). A 100% dissolution value is certainly an overestimation, and the true dissolution
value is likely closer to 10%, though this value is not well constrained. Air-mass trajectories produced by the
NOAA HYSPLIT model (www.arl .noaa.gov/ready), show that air reaching St. 9 on July 24, 2003

spent time over the Asian land mass and the tropical Pacific where dust concentrations can be high. Thus, it

is possible that atmospheric deposition may influence the Zn concentration in the mixed layer at this site.

3.5.2 Zn Speciation

At all stations, Zn speciation was dominated by complexation to organic ligands with an average [Ly] of
22nMand K’ cong zn' Of 10191 These results agree fairly well with previous measurements of Zn speciation
in the North Pacific where Bruland (1989); Donat and Bruland (1990) observed ligand concentrations of
1.0-2.2 nM that had K’cong zn'’s of 10106 - 10112, In general, the [Ly]’s in this study were higher and
the K’ cond,zn’ s lower than those of Bruland (1989). The values observed in this study are more similar to
those in subantarctic waters near New Zealand where the [Lr] ranged from 1.3 - 2.5 nM and K’ cong zn’
was between 10%7 and 10194 (Ellwood, 2004). The Zn?t concentrations in this study are similar to those
predicted by previous studies in the oligotrophic ocean (Table 3.3). The lowest Zn?* concentration was
observed in the eastern portion of the subarctic N. Pacific where the majority of previous studies have
focused.

The concentration of Zn binding ligands generally increased along the transect from east to west, similar

to the trend in Znp (Fig. 3-7B). This resulted in a more stable Zn?* concentration (changed by ~4-fold) than
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total Zn concentration (changed by almost 9-fold, Fig. 3-13). The Zn?* accounted for 2-5% of the total Zn
concentration, similar to previous studies of Zn speciation in the open ocean {Bruland, 1989; Ellwood and
van den Berg, 2000). Culture work has shown that phytoplankton can exude Zn binding ligands (Vasconcelos
et al., 2002). In this study, the highest [Ly] was observed at St. 8, where chlorophyll was also highest and
the lowest [L7] was observed at St. 1 where the chlorophyll concentration was lowest. However, there did
not appear to be a significant relationship between chlorophyll and [Lz] (R? = 0.49).

The [L] at St. 8 in the Bering Sea (3.6 nM) is the highest reported value of Zn binding ligands in the
open ocean measured by voltammetric methods. Ligand concentrations as high as 6 nM have been reported
in bottle incubations after the addition of Zn (Lohan et al., 2005) and much higher concentrations (>20 nM)
have been observed in coastal waters and phytoplankton cultures (van den Berg, 1985; Vasconcelos et al.,
2002). St. 8 had the highest Znp concentration of any station where Zn speciation measurements were
performed (0.89 nM). The concentration of Zn binding ligands measured represent a snapshot of a pool
that is dynamic and can change on short timescales in response to the addition of Zn (Lohan et al., 2005).
As previously discussed, the Zny concentrations in the Bering Sea may have been influenced by recent
atmospheric deposition, in which case, the high [L7] may be due to active production of Zn binding ligands
by the microbial community in order to enhance the residence time of Zn in the surface mixed layer. A high

abundance of copper binding ligands was also observed at St. 8 (J. Moffett, unpubl. data).

3.5.3 Shipboard Incubation

Previous shipboard incubations in the N. Pacific have shown little (Coale, 1991; Crawford et al., 2003) or
no effect (Lohan et al., 2005; Leblanc et al., 2005) on total chlorophyll concentration due to the addition of
Zn. In this study, Zn additions were performed at a number of stations (Table 3.3). A chlorophyll response
to Zn addition was only observed at St. 5. Near-surface Zn concentrations at St. 5 were relatively high, as
was the concentration of Zn?* at 22 pM. The pigment distribution at St. 5 was very similar to that at St. 6,
where Zn addition had no effect. There is no obvious difference at St. 5 which explains why Zn should be
limiting at that stati<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>